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Abstract  
The fabrication of a novel ultrasharp silicon microneedle array for use as a physiological signal monitoring electrode 
is described. This work uses anisotropic potassium hydroxide wet etching and double-sided wafer patterning to 
simultaneously create a microneedle on the front side of the wafer, and a through-silicon via from the back side. This 
technique eliminates the limitations associated with other approaches that are used to create front-to-back electrical 
contact. Wearable electrode prototypes have been assembled using these arrays, and electrocardiography (ECG) 
recordings have been carried out to verify the functionality of the technique.  
© 2011 Published by Elsevier Ltd. 
Keywords: dry electrode; microneedle; potassium hydroxide; electrocardiography (ECG); electromyography; biopotential 
1. Introduction 
Electroencephalography (EEG), electrocardiography (ECG), and electromyography (EMG) are 
techniques used to record the electrical activity of the brain, heart and muscle, respectively . Conventional 
electrodes for measuring these biopotentials are generally made of silver-silver chloride or gold disks, and 
use an electrolytic gel to ensure a conductive interface between skin and electrode. This gel tends to dry 
out over time, therefore leading to higher skin contact impedance and causing problems with long-term 
monitoring. Skin abrasion is often carried out prior to electrode placement in order to remove the outer 
skin layers and improve skin-electrode contact, which is uncomfortable and can lead to skin irritation [1]. 
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1.1.  Microneedle-based electrodes  for biopotential recording 
Microneedle-based ‘dry electrodes’ pierce the thin (20μm), highly resistive stratum corneum and make 
direct contact with the underlying, conductive epidermal layers, thereby reducing electrode-skin 
impedance and eliminating the need for gel or skin abrasion [2]. In order to interface with recording 
equipment, electrical continuity must be established between the front and rear surfaces of the electrode. 
This may be done by creating individual die-level contacts or through-silicon vias can be made at wafer 
level after microneedle fabrication. Both methods require time and additional processing.   
We have previously fabricated ultrasharp silicon microneedles for a range of biomedical applications 
[3]. This work describes the extension of the potassium hydroxide-based anisotropic etch process to 
create viable electrode arrays using just a single silicon etch step. Double-sided wafer patterning and a 
detailed knowledge of the anisotropic etch process is used to simultaneously create a microneedle on the 
front side of the wafer, and a through-silicon via from the back side. Metal deposition on both sides of the 
wafer then establishes electrical contact between the front and rear of the electrode. This rapid, wafer-
level, single-etch process eliminates the need for additional processing in order to establish front-to-back 
electrical contact. Wearable electrode prototypes have been assembled using these arrays, and preliminary 
electrocardiography (ECG) recordings have been carried out to verify the functionality of the technique.  
2. Electrode fabrication 
2.1. Microneedle design and  fabrication 
The theory behind the potassium hydroxide (KOH) microneedle etch mechanism has been extensively 
described [3].  To generate a through-silicon via (TSV), square openings in an oxide/nitride hard mask, 
the sides of which were aligned to the <110> crystal axis, were patterned on the rear of the wafer using a 
standard lithography process. It is well-known that KOH etching such openings produces four-sided pits 
defined by the <111> crystal planes, which have an angle of 54.74o to the horizontal. The depth of such a 
pit, d, is related to the mask opening side length l by l=2d/tan(54.74o). It is therefore possible to produce a 
pit that will intersect with the front side of the wafer during needle formation. 
Fig. 1.  Microneedle fabrication: (a) mask definition; (b,) double-sided etch; (c) metallisation, (d) electrode assembly. 
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(c)
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The wafer was etched using a hot aqueous KOH solution. Needle formation is based on the anisotropic 
etch behaviour of monocrystalline silicon in KOH. The sides of the square front-side nitride mask are 
aligned to the particularly slow-etching <h11> plane; the faster-etching <h12> planes are exposed to the 
KOH at the convex corners of the square. As two of these fast-etching planes are etched from each 
corner, an octagonal needle shape is generated, figure 1. The final needle is comprised of eight <263> 
planes, a base of <212> planes and has a height:base diameter aspect ratio of 3:2.  
A pyramidal pit is simultaneously formed from the back side of the wafer, which intersects with the 
front side to form a TSV. A scanning electron microscopy image of a final needle is shown in Figure 2 
(left). The TSV is clearly visible at the base of the microneedle. Figure 2 (centre) illustrates a microneedle 
array, and Figure 3 (right) shows an assembled electrode. 
Fig. 2.  Left: Detail of a microneedle and TSV; (centre) microneedle array; (right) prototype microneedle-based electrodes. 
The arrays used in this study consisted of a 5 x 5 arrangement of 300 μm tall needles located at a pitch of 
1.2 mm on a 7 mm x 7 mm die, figure 2. A layer of 200nm Ag was thermally evaporated onto both sides 
of the wafer, before the wafer was diced into individual die. The microneedle die were interfaced to a 
standard electrode (2239 Red Dot Monitoring Electrode, 3M Healthcare, Germany) from which the 
electrolytic gel was removed, using a conductive adhesive. This solution provides both an adhesive 
backing and a metal snap fastener for interface with recording equipment.  
3. Experimental Methodology and Setup 
ECG measurements have been performed using both standard wet electrodes (14222 Red Dot 
Monitoring Electrode, 3M Healthcare, Germany) and dry microneedle electrodes. The signal was read 
differentially through two electrodes located on the chest of the subject while a bias voltage was applied 
to the body through a third electrode located on the lower right torso of the subject.  
4. Results
4.1. ECG
Figure 3 illustrates a comparison between electrocardiographs obtained using standard wet electrodes 
and the dry microneedle-based electrodes described in this work. The microneedle measurements show 
good results in terms of signal fidelity and show good rejection of noise and interference over the ECG 
signal. The typical cardiac signatures of the P-wave, QRS-complex and T-wave are clearly visible. This 
proves the ability of dry microneedle-based electrodes to detect and record biopotential signals. 
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Fig. 3.  ECG measurements from dry electrodes are in close agreement with those obtained using standard wet electrodes. 
5. Conclusions and discussion 
This paper has demonstrated the design, fabrication and preliminary demonstration of novel, 
microneedle-based dry electrode for biopotential monitoring. A double-sided KOH etch has been used to 
simultaneously fabricate an ultrasharp microneedle array on the front side of a wafer, and a through-
silicon via from the back side. This device may be subsequently coated with metal to form front-to-back 
electrical contact at wafer level, thereby reducing processing time and cost. Electrocardiography (ECG) 
measurements show good results in terms of signal acquisition and fidelity, and prove the ability of dry 
microneedle electrodes to accurately record physiological signals. These signals are comparable with 
those obtained using standard wet electrodes, but dry electrodes require no skin abrasion and do not suffer 
from gel dehydration. They are therefore promising for use in long-term monitoring applications. 
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